Processes leading to speciation in oceanic environments without obvious physical barriers remain poorly known. European and American eel (Anguilla anguilla and A. rostrata) spawn in partial sympatry in the Sargasso Sea. Larvae are advected by the Gulf Stream and other currents towards the European/North African and North American coasts, respectively. We analyzed 104 mitogenomes from the two species along with mitogenomes of other Anguilla and outgroup species. We estimated divergence time between the two species to identify major events involved in speciation. We also considered two previously stated hypotheses: one where the ancestral species was present in only one continent but was advected across the Atlantic by ocean current changes and another where population declines during Pleistocene glaciations led to increasing vicariance, facilitating speciation. Divergence time was estimated to B3.38 Mya, coinciding with the closure of the Panama Gateway that led to reinforcement of the Gulf Stream. This could have advected larvae towards European/North African coasts, in which case American eel would be expected to be the ancestral species. This scenario could, however, not be unequivocally confirmed by analyses of dN/dS, nucleotide diversity and effective population size estimates. Extended bayesian skyline plots showed fluctuations of effective population sizes and declines during glaciations, and thus also lending support to the importance of vicariance during speciation. There was evidence for positive selection at the ATP6 and possibly ND5 genes, indicating a role in speciation. The findings suggest an important role of ocean current changes in speciation of marine organisms.
INTRODUCTION
Understanding speciation is key in evolutionary biology. Yet, the processes involved encompass some of the most debated and controversial topics in the biological sciences (Mayr, 1963; Via, 2001; Coyne and Orr, 2004) . The biology of the specific organisms and the properties of the environment that they inhabit are expected to have a major influence on speciation. Thus, understanding the intrinsic and extrinsic factors initiating speciation is crucial for understanding the speciation process itself.
Marine environments are characterized by few definitive geographical barriers to gene flow, and indeed intraspecific genetic differentiation is much lower in marine fishes as compared with freshwater fishes, normally ascribed to a combination of high gene flow and low genetic drift owing to high effective population sizes (Ward et al., 1994; Bernardi, 2013) . Accordingly, it would also be expected that speciation-with-gene flow (Feder et al., 2012) and even sympatric speciation (Via, 2001) should be common in marine environments.
The two Atlantic species of the family of freshwater eels (Anguillidae), American and European eels (Anguilla anguilla and A. rostrata), spawn in the southern Sargasso Sea in a region characterized by distinct thermal fronts (the Subtropical Convergence Zone) (Tesch, 2003; van Ginneken and Maes, 2005) . There is considerable overlap between their spawning regions, but with a clear dominance of American eels in the West and European eel in the East (McCleave et al., 1987b; Als et al., 2011) . After hatching in the Sargasso Sea, the larvae are transported by the Gulf Stream and other currents towards the North American (American eel) and European and North African continents (European eel). Upon reaching the continental shelf, larvae metamorphose into the so-called glass eels and enter freshwater or coastal habitats. Adult eels complete their life cycle by returning to the Sargasso Sea to spawn and subsequently die. Despite widespread geographical distributions, molecular studies have demonstrated that both species are panmictic (Palm et al., 2009; Als et al., 2011; Côté et al., 2013) .
European and American eels are morphologically almost indistinguishable, with differences in numbers of vertebrae being the most reliable diagnostic character (Tesch, 2003) . Genetic differentiation at the nuclear level is also low, with reported F ST -values at microsatellite loci of 0.09, 0.055 and 0.018 (Mank and Avise, 2003; Wirth and Bernatchez, 2003; Als et al., 2011) and 0.0685 for amplified fragment length polymorphism markers (Gagnaire et al., 2009) . In sharp contrast, mitochondrial DNA (mtDNA) places the species as two reciprocally monophyletic lineages (Avise et al., 1986 (Avise et al., , 1988 that are sister species within Anguillidae (Tsukamoto and Aoyama, 1998; Lin et al., 2001; Tsukamoto et al., 2002; Minegishe et al., 2005; Teng et al., 2009) . Furthermore, hybridization between the two species also occurs, with most hybrids being found in Iceland (Avise et al., 1990; Albert et al., 2006; Gagnaire et al., 2009) .
The largely sympatric spawning regions but separate continental distribution of adult eels, combined with the distinct mitochondrial lineages, yet low nuclear differentiation and the occurrence of hybridization, strongly suggest a speciation-with-gene flow scenario for the origin of the two species. However, when this speciation occurred and which factors were involved remains unsolved. Avise et al. (1990) outlined two speciation scenarios based on the assumption that the two species diverged during the Pleistocene (ca. 2.6 Mya-12 Kya). The first 'Vicariance' scenario assumed one single ancestral Northern distributed species. Cooling periods during the Pleistocene would have forced a southward retreat, as the Northern regions became uninhabitable, leading to disjunction of spawning areas and subsequently speciation. Although not explicitly stated by Avise et al. (1990) , the decrease in available habitat might have been associated with population declines. Given the present distribution of larvae across the Sargasso Sea, where despite substantial overlap there are two different core areas for each species (McCleave et al., 1987b; Munk et al., 2010; Als et al., 2011) , this could have resulted in numerically fewer eels from Europe spawning towards the West, and fewer eels from America spawning towards the East. The decreased overlap of spawning regions would thereby allow for allo-or parapatric speciation.
The second 'Oceanic' scenario proposed that if the ancestral species initially inhabited a single continent, subsequent changes in the ocean currents during the Pleistocene could have advected some larvae to new habitats on the other continent. As these larvae would probably meet suitable spawning conditions in the region of the Sargasso Sea most proximate to their continent of distribution, and as strong disruptive selection might have been present for the duration of larval phase, assortative mating and finally speciation could have occurred in a parapatric or sympatric manner. Another event leading to a similar scenario, although not stated by Avise et al. (1990) , is the formation of the Isthmus of Panama ca. 3.0-4.5 Mya, which disconnected the Pacific and Atlantic Oceans and reinforced the Gulf Stream (Haug and Tiedemann, 1998) , the major current dispersing eel larvae towards the North American and European continents. If this scenario is correct, then it would be expected that the ancestral species was the American eel. Their larvae have a shorter dispersal distance from the Sargasso Sea to continental waters than the European eel, and therefore would be advected towards Europe by the reinforced Gulf Stream.
So far, several studies have attempted to estimate divergence time between the two Atlantic eel species and all yielded contradictory results. Avise et al. (1986) estimated the split to ca. 1.5 Mya based on restriction fragment length polymorphism analysis of total mtDNA and a standard substitution rate of 2% divergence per Myr. Subsequently, Tsukamoto and Aoyama (1998) species of Anguillidae and estimated the divergence time using a mutation rate of 0.00073 sub per site per Myr (estimated for bony fishes from concatenated amino-acid sequences of nicotinamide adenine dinucleotide dehydrogenase subunit 2 and cytochrome b), resulting in a divergence estimate of 5.8 Mya for the Atlantic eels.
In this study, we sequenced mitogenomes from 53 European and 49 American eels. To test whether an 'Oceanic' or 'Vicariance' scenario is most compatible with speciation in Atlantic eels, we first estimated divergence time. We calibrated divergence time between Atlantic eels taking into account recent knowledge of outgroup relationships (Inoue et al., 2010; Johnson et al., 2012) and fossil information. This circumvents reliance on potentially misleading calibrations based on standard substitution rates (Pulquerio and Nichols, 2007) or a Tethys Sea dispersal scenario (Lin et al., 2001; Teng et al., 2009) . In particular, (1) we tested if speciation occurred during the Pleistocene as suggested by Avise et al. (1990) or much earlier as suggested by other studies (Tsukamoto and Aoyama, 1998; Minegishe et al., 2005) . (2) We assessed if divergence time coincides with major geological or climatic events that could explain the specific processes of speciation. (3) We determined the direction of nonsynonymous substitutions from the ancestral state and estimated dN/dS (rate of nonsynonymous substitutions compared to the rate of synonymous substitutions) to assess which of the two species are ancestral and derived. (4) We assessed the influence of glaciations on effective population size using a Bayesian skyline plot method (Heled and Drummond, 2008) , thereby reconstructing the long-term demographic history of the two species. (5) We investigated the possibility of selection acting on the mitochondrial genome as an increasing number of studies have shown that positive selection may affect mtDNA variation (Ballard and Kreitman, 1995; Ballard and Whitlock, 2004) . This may be the case in Atlantic eels, where Gagnaire et al. (2012) observed possible cytonuclear incompatibilities between American and European eels among genes involved in the ATP synthase complex. Hence, on one side, it is important to assess if positive selection has influenced mitogenome sequence divergence between European and American eel, possibly complicating estimates of divergence time and demographic history. On the other side, evidence for selection might indicate a role of the mitochondrial genome in the speciation process.
MATERIALS AND METHODS

Samples and locations
Fifty-three European and 49 American eels (sampled as glass eels and sub-adult yellow eels) were analyzed, representing 13 localities across their distributional ranges ( Figure 1 and Table 1 ). Individuals were collected between 1999 and 2010 and have for some locations been used in a study based on amplified fragment length polymorphism variation (Albert et al., 2006) . Mitogenome sequences from 21 Anguillid species, representing 18 species of freshwater eels (GenBank accession nos. NC_002707 and NC_006531-NC_006547; Minegishe et al., 2005) and three species of the closest related family of Anguillidae; Serrivomeridae (Johnson et al., 2012; GenBank accession nos. NC_013436 and NC_013627-NC_013628; Inoue et al., 2010) , were included in the study to estimate divergence time and investigate selection. The sequences retrieved from GenBank included one European eel and one American eel, resulting in a total of 104 mitogenome sequences of Atlantic eels.
Mitogenome sequencing
Tissue samples (fin clips, muscle or whole glass eels) were stored in 96% ethanol at À20 1C. DNA was extracted using standard phenol-chloroform extraction and kept frozen at À20 1C. Following Jacobsen et al. (2012) , long-range PCRs were conducted, subdividing each mitogenome into two amplicons, each covering just over half of the mitogenome with small overlaps (for primer information and PCR conditions see Supplementary Table S1 and Supplementary Note S1). The concentrations of purified amplicons were measured using a Q-bit flourometer (Life Technologies, Carlsbad, CA, USA). Subsequently, the two amplicons from each DNA extract were pooled at equimolar concentration. The pooled PCR products were fragmented using a Bioruptor (Diagenode, Belgium, Europe) with eight cycles of 30 s of sonication, resulting in mean fragment sizes of ca. 200 bp. Individual samples were converted into Illumina index-tagged DNA libraries using the E6040S/L NEBnext Library Preparation Kit (New England BioLabs, Ipswich, MA, USA) with minor modifications. Subsequently, libraries were sequenced in pools of 12-46 per lane using either Illumina GA or HiSeq sequencing platforms and single-end chemistry to sequence 75 or 100 bases.
Mitogenome assembly and measurement of sequencing error
Mitogenome assembly was conducted using a suite of bioinformatic packages (see Supplementary Note S2 for details) to generate a file containing the highest quality reads from each position from each strand. Individual consensus sequences were generated adhering to a majority rule (450%), at each genomic position with a minimum depth of coverage Z5 (o5 calls an N). A given indel was considered a real event and included in the consensus sequence if at least 60% of the reads spanning that specific region contained the indel.
One technical replicate (same sample sequenced in two different lanes) was used to assess the degree of sequencing errors and refine the base calling process. Table 1 for population names and sample sizes. Tajima, 1989; Fu and Li, 1993) were calculated in DnaSP v5.1 (Librado and Rozas, 2009 ) for the whole mitogenome and separately for the control region for both species. All analyses were conducted without taking gaps/ambiguous bases into account as most of these were located in polymer regions and might represent sequencing errors. A neighbour-joining tree was constructed based on the whole mitogenome data set, using MEGA 5 (Tamura et al., 2011) , assuming the TrNþ G substitution model with 10 gamma categories as found using JMODELTEST version 2.11 (Posada, 2008) , and 1000 replicates to calculate bootstrap support. To test possible substructuring within species (although the species are assumed to be panmictic), two different tests were applied: (1) The genealogical sorting index (Cummings et al., 2008) using the other Atlantic species as outgroup. (2) 
Estimation of divergence time and substitution rate
Five mitogenome partitions were aligned and manually examined using GENEIOUS PRO 5.4.6 (BioMatters, 2012): the two concatenated rRNAs, the concatenated tRNAs and the concatenated 1st, 2nd and 3rd codon position for the 13 coding genes. The control region and non-coding parts varied in size, probably because of high mutation rate, and were omitted. Data sets comprised the 16 species of Anguillidae from Minegishe et al. (2005) (excluding Atlantic eels), three outgroup species from Serrivomeridae (Inoue et al., 2010; Johnson et al., 2012) and the two most divergent mitogenomes of each of the two Atlantic eel species, chosen using MEGA 5.1 (Tamura et al., 2011) , and included to calculate the TMRCA (Time of Most Recent Common Ancestor) within each species for subsequent use in demographic analyses (see below). Mutational saturation was analysed using the method by Xia et al. (2003) implemented in DAMBE (Xia and Xie, 2001) .
Estimates of divergence time were analysed using the Bayesian phylogenetic approach in BEAST (Bayesian evolutionary analysis by sampling trees) v1.7.4 (Drummond and Rambaut, 2007) . Three different data sets were analysed: (1) all five partitions, (2) the two concatenated rRNAs and the concatenated tRNAs and (3) the 3rd base position for the 13 coding genes. The 3rd base position data set was chosen, as the rate of neutral mutation should be unaffected by selection in case of complete linkage as in mtDNA, and therefore may be used to estimate divergence in the presence of selection (Birky and Walsh, 1988) . The YULE process was chosen as tree prior and a uniform prior for the TMRCA of all samples was set to 50-55 Myr ago (lower and upper bound) according to the oldest observed fossils of Anguillidae (Patterson, 1993 ). An uncorrelated log-normal clock was used to account for rate heterogeneity among branches as an initial test showed deviation from a constant clock. The final Markov chain Monte Carlo sample obtained was based on a run for 100 000 000 generations, with genealogies sampled every 10 000 generations with 10% discarded as burn-in.
As different demographic scenarios might affect divergence estimates (Ho et al., 2008) , a second analysis was conducted in *BEAST (Heled and Drummond, 2010) to assess the robustness of the divergence estimate. It relies on two different tree priors: a speciation prior for between-species branch patterns and a coalescence prior for the within-species branch patterns. We used *BEAST for all 103 (one individual excluded, see Results) mitogenome sequences of Atlantic eels divided into six partitions: the two concatenated rRNAs; the concatenated tRNAs; the concatenated 1st, 2nd and 3rd codon position for the 13 coding genes and the control region. To calibrate a molecular clock, the mean rate of rRNAs estimated from the first analyses was used as a prior. A constant clock was chosen as a preliminary test in BEAST showed no significant rate heterogeneity among branches. Both the constant and linear piecewise change model of effective population size were used as coalescence priors to compare the robustness of the divergence estimates given differences in demographic history. The YULE prior was used as speciation prior. Only TMRCA was evaluated in the analyses.
All substitution models used were identified via the Akaike information criterion) with four gamma categories using JMODELTEST version 2.11 (Posada, 2008) (Supplementary Table S2 ) and partitions linked in all analyses reflecting clonal inheritance of mtDNA. Examination of convergence and effective sample size was conducted using TRACER v1.5 (Drummond and Rambaut, 2007) . A second replicate was conducted for all analyses to check for convergence.
Demographic inference
Long-term trends in female effective population size (N ef ) were analysed by extended Bayesian skyline plot (EBSP) analysis (Heled and Drummond, 2008) using BEAST . EBSPs estimate the number of demographic changes directly from the data and thereby test for deviations from constant size. Each analysis was based on whole mitogenomes either divided into the same regions as in *BEAST or used as one whole locus. The two species were analyzed separately. Time was calibrated by estimates of mean TMRCA from the species analysis (using all regions) or mean TMRCA with associated 95% highest probability density (HPD) fitted to a log-normal distribution. Substitution model estimation, Markov chain Monte Carlo length and sampling and examination of convergence were performed as for the phylogenetic analysis (Supplementary Table S2 ). Constant clocks were chosen following rate heterogeneity tests. To unscale estimates of female effective population size, a female generation time of 8.73 years was assumed (Vollestad, 1992) .
Test for selection
Mitochondrial genes are generally under strong purifying selection (Sun et al., 2011) and therefore unlikely to show overall dN/dS 41. Thus, the codonbased selection test FUBAR (Fast Unbiased Bayesian AppRoximation) (Murrell et al., 2013) was chosen to test for positive selection acting across Anguillidae. The test was conducted for all 13 mitochondrial genes using the 18 species of Anguillidae previously analysed in Minegishe et al. (2005) . Compared with more classical random effects likelihood tests, FUBAR is less likely to produce false positives owing to assignment of codons experiencing different selection pressure into the same categories (Murrell et al., 2013) . Using the same data set, all ancestral states of the 13 coding genes were reconstructed using the ASR (Ancestral State Reconstruction) software (Pond and Frost, 2005) (see Supplementary Note S3). The direction of nonsynonymous changes was inferred and average pairwise dN/dS was measured comparing the ancestral sequence to the European and American mitogenome samples using DnaSP v5.1.
To test for positive selection between the two Atlantic eel species, McDonald-Kreitman tests (Mcdonald and Kreitman, 1991) , as implemented in DnaSP v5.1, were conducted for all 13 genes of European and American ancestry. The possibility of recombination acting among Atlantic eels was tested using the SBP software (Single Breakpoint reconstruction) (Pond et al., 2006) . FUBAR, ASR and SBP tests were conducted using the HYPHY package on the DataMonkey server (http://www.datamonkey.org/dataupload.php), using default parameters and an input topology similar to Teng et al. (2009) .
RESULTS
Sequencing and error estimates
A total of 102 mitogenomes were successfully sequenced (GenBank accession no. KJ564170-KJ564271). The average depth of coverage of uniquely mapped reads was 494.7% of the maximum possible (Supplementary Table S3 ). After refining the base calling method, the two technical replicates matched 100%, suggesting no significant impact of Illumina sequencing errors in the data set.
Neutrality test, nucleotide diversity and population structure within Atlantic eels Ninety-six haplotypes were present among the 104 Atlantic eel mitogenome sequences (Table 2) . Shared haplotypes were only present among American eel and represented a total of 11 individuals distributed across three different haplotypes. Of these haplotypes, several were shared across localities (Figure 2) . American eel showed lower nucleotide diversity than European eel (0.00291 vs 0.00553 at the whole mitogenome level; Table 2 ).
The neighbour-joining tree identified two reciprocally monophyletic clades corresponding to the two species. However, one glass eel sampled in Riviere Blanche (Québec, Canada) showed European ancestry (RBG10; Figure 2 ). As strong postzygotic selection possibly exists against hybrids of Atlantic eels (Pujolar et al., 2014) , this sample was excluded from further analyses.
Neutrality tests showed excess of rare polymorphisms (negative values) (Table 2) , compatible with either demographic expansion or selective sweeps. Neither genealogical sorting index nor Phi ST showed evidence for genetic substructuring within each species (Supplementary Tables S4 and S5 ).
Estimation of divergence time and mutation rate Mutation saturation tests did not reveal significant saturation in the five partitions. However, the 3rd base codons showed a considerable proportion of variable sites compared with the other data sets, with only 22% invariable sites (Supplementary Table S6 ).
Divergence time estimates obtained with BEAST were highly similar across different data sets, although the analysis of the 3rd base codon position supported a slightly older divergence time than the other results (Table 3 ). The most extensive data set encompassing all 13 coding genes, the RNAs and tRNAs suggested a divergence time for the Atlantic eels of 3.38 Myr (95% HPD 2.55-4.30) (for phylogeny see Supplementary Figure S1 ). In general, all three data sets supported divergence of American and European eels around 3-4.5 Mya. 
o p e a n _ r e f e r e n c e
e r i c a n _ r e f e r e n c e Figure 2 Neighbour-joining tree of 96 mitogenome haplotypes. Bootstrap support 40.7 is shown above the branching points. The direction of nonsynonymous change is represented by coloured bars for all 13 genes along the respective branches and only given for mutations supported by at least two independent sequences. Numbers within gene boxes are the number of observed supported nonsynonymous changes compared with the total number of nonsynonymous changes. Amino-acid positions are shown next to the respective bar and a '*' denotes that the substitution is observed in sequences of independent ancestry. A 'y' denotes that different amino-acid changes have occurred at this position and '#' denotes a back mutation. A '/' in the sequence name is used to separate between sampling location where haplotypes are shared between multiple samples. The red shape denotes the clade within the American lineage showing possible selection (see text). See Table 1 for sampling codes for individual sequences.
Speciation history of Atlantic eels MW Jacobsen et al
Analyses were also conducted using a Birth-Death prior. This resulted in highly similar results (Supplementary Table S7 ). The substitution rate of the concatenated rRNAs used in the *BEAST analysis was estimated to be 2.189 Â 10 À9 sub per site per year, whereas the substitution rate of the whole mitogenome was estimated to 5.463 Â 10 À9 sub per site per year (Supplementary Table S8 Table 3 ), although with overlapping credible intervals. Analyses in *BEAST, using the substitution rate of the combined rRNAs, resulted in highly similar divergence time estimates compared with the more extensive species phylogeny (Table 3) .
Demographic inference
For both species, the EBSPs differed significantly from a model of constant population size with 3.3 (95% HPD 2.0-4.0) and 4.4 (95% HPD 3.0-6.0) estimated episodes of changes in female effective population size (N ef ) for European and American eels, respectively ( Figure 3 ). In general, long-term N ef showed the same trend in both species (Figure 3 ) and revealed a decline followed by expansion estimated to c. 180 Kya for European eel and c. 125 Kya for American eel with overlapping credible intervals. When incorporating the uncertainty of TMRCA from the species analysis, the declines became less pronounced compared with the analyses where the uncertainty of the TMRCA were estimated directly from the data (Figures 3c and f compared with Figures 3a, b and d, e). In contrast with the current population expansion inferred for European eel, a contemporary population decline was inferred for American eel, starting between 16-59 Kya. Accordingly, recent female effective population size was higher for European eel with an estimated size of ca. 2 066 000 (95% HPD 770 000-4 087 000) compared with ca. 130 000 (95% HPD 470-1 547 000) for American eel (as observed in Figures 3c and f) .
Test for selection
The FUBAR test suggested strong purifying selection acting on the mitochondrial genes (Supplementary Table S9 ). However, one site was found to be under positive selection (Bayes factor ¼ 30) (Figure 4 ). This site was detected in ATP6 codon position 52, one of five positions fixed between American and European eels previously observed by Gagnaire et al. (2012) ; (Figure 4 and Supplementary Table S9 ). McDonald-Kreitman tests also suggested positive selection acting within the ATP6 gene between the two species (Supplementary Table S10 ). No evidence for recombination was found.
The analysis of the direction of change showed more fixed nonsynonymous changes along the European branch (Figure 2 ). In total, 10 mutations occurred in European direction, six in American direction, while for two mutations, both occurring in ATP6, the direction could not be assessed, as both species showed changes from the most likely ancestral state. Estimates of dN/dS were almost identical with 0.0338 for European and 0.0313 for American samples.
Although most replacements were found in terminal branches, one replacement of older ancestry was found in ND5 (position 540) in all descendants of a lineage comprising two of the three American haplotypes shared by two or more individuals (Figure 2) , and moreover independently in one European and one American individual (Figure 2 ). This mutation changed the amino acid from valine (V) to isoleucine (I) (Supplementary Figure S2) .
DISCUSSION
Our results support previous findings by Avise et al. (1986 Avise et al. ( , 1990 ) that first reported that European and Atlantic eel comprise two highly divergent mtDNA lineages, although with one North American individual showing European mitochondrial ancestry. They are furthermore congruent with recent studies showing that both species are panmictic (Palm et al., 2009; Als et al., 2011; Côté et al., 2013) ; (Supplementary Tables S4 and S5 ). However, the estimated species divergence time is different from previous studies, and points towards the closure of the Panama Gateway as the event initiating speciation. Moreover, there is evidence for positive selection at the mitogenome level. This raises the possibility that selection at mtDNA may have been involved in the speciation process, but also complicates interpretation of divergence time estimates and demographic history. We elaborate on these issues in the following.
Inferring speciation history from mtDNA mtDNA has its own dynamics owing to its special properties of maternal inheritance, haploidy and, in most cases, absence of recombination. Parameters inferred for mtDNA may therefore not be representative for the organisms and their genomes as such (Ballard and Whitlock, 2004) . One problem consists in an approximately fourfold lower effective population size for mtDNA compared with nuclear loci, thus rendering mtDNA more susceptible to drift (Birky et al., 1983) . However, for Atlantic eels with expectedly very high effective population sizes in the thousands or higher (Côté et al., 2013; Pujolar et al., 2013) , we do not expect fourfold lower effective population size at mtDNA as compared with nuclear genes to result in detectably higher drift. The phylogeny also does not indicate bias caused by mtDNA introgression between species. Nevertheless, large Figure 4 Results of the FUBAR test along the ATP6 gene. (a) Rate of synonymous (dS) and nonsynonymous change (dN), and (b) dN/dS. Position 52 that showed significantly elevated dN/dS is denoted by a square, whereas the five fixed nonsynonymous amino-acid changes between European and American eels are denoted by dots.
Speciation history of Atlantic eels MW Jacobsen et al female effective population size would cause selection to have a particularly prominent role as compared with neutral processes. As recombination is generally absent in mtDNA, positive selection will affect the whole molecule by hitchhiking, thereby potentially affecting substitution rate and divergence time estimates. However, modelling and simulations suggest that complete linkage to either advantageous or deleterious mutations should not affect the substitution rate of selectively neutral mutations (Birky and Walsh, 1988) . Given that FUBAR tests only suggested one positively selected site (Supplementary Table S9 ) and as estimates of divergence time estimated from 3rd base positions provided results comparable to estimates based on the full data set (Table 3) , we tentatively conclude that our results have not been strongly affected by selection.
Comparison of divergence estimates and mutation rates Divergence time (TMRCA) between European and American eel was estimated to be 3.38 Mya (95% HPD 2.55-4.30), using a data set comprising all mitochondrial regions (Table 3 ). The estimate appeared robust across analyses using smaller partitions of the data. Also, the separate *BEAST analyses conducted on the American and European eels (Table 3 ) supported a pre-Pleistocene divergence and furthermore showed little influence of demographic change, which otherwise have been shown to alter divergence time estimates considerably if not taken into account (Ho et al., 2008; Marino et al., 2011) . The fact that the 3rd codon position data resulted in slightly older divergence time estimates (Table 3 ) may reflect a faster mutation rate leading to slight saturation, supported by the lower percentage of invariable sites compared with the other regions (Supplementary Table S6 ). This may be a consequence of the deep fossil calibration used, which could lead to overestimation of divergence time. However, analysis based on the slowly evolving tRNAs and rRNA partitions gave almost identical estimates compared with the full data set analysis. The estimated substitution rate of 2.189 Â 10 À9 sub per site per year of the concatenated rRNAs is within the normal range of rRNA rates observed in other fish species of 0.9 Â 10 À10 -6.0 Â 10 À9 sub per site per year (Alves-Gomes, 1999; Tringali et al., 1999; Domingues et al., 2005; Pujolar et al., 2012) . Similarly, the substitution rate of the whole mitogenome (5.463 Â 10 À9 sub per site per year) is within the range of rates previously reported for salmonids of 5.0 Â 10 À9 sub per site per year, estimated from the restriction fragment length polymorphism analysis of mtDNA (Smith, 1992) .
Our TMRCA estimate differs considerably from earlier studies. (Avise et al., 1986 ) estimated the split to 1.5 Mya (Tsukamoto and Aoyama, 1998) to 10.2 Mya and (Minegishe et al., 2005) to 5.8 Mya. However, both Avise et al. (1986) and Minegishe et al. (2005) relied on standard substitution rates, which are potentially misleading as substitution rates can vary considerably among species (Pulquerio and Nichols, 2007) . Moreover, while Tsukamoto and Aoyama (1998) calibrated time directly based on their phylogeny, they relied on a Tethys Sea colonization route for the ancestors of the Atlantic eels. The studies based on the most extensive mtDNA data sets identify the closest relatives of Atlantic eels to be the Oceanian species A. dieffenbachii and A. australis (Supplementary Figure S1 ; Lin et al., 2001; Minegishe et al., 2005; Teng et al., 2009) , supporting a scenario where the ancestor of Atlantic eels immigrated more recently through the Panama Gateway before the formation of the Isthmus (Lin et al., 2001; Teng et al., 2009) . In total, we suggest that our estimate using the marine eels Serrivomer as outgroup species (Inoue et al., 2010; Johnson et al., 2012) combined with fossil calibration (Patterson, 1993) makes the best use of available data and circumvents the uncertainties of assuming either a Tethys Sea or Panama Gateway dispersal scenario as calibration point.
Divergence time and speciation mechanisms
The time of divergence of 3.38 Mya (95% HPD 2.55-4.30) estimated for Atlantic eels coincides with one of the most important geological events during the past ten million years, namely the formation of the Isthmus of Panama. The closure of the Panama Gateway was a gradual process occurring over millions of years but culminating 4.5-3.0 Mya (Haug and Tiedemann, 1998; Bartoli et al., 2005) . Although the precise consequences are debated, it is generally assumed that this led to significant reinforcement of the Gulf Stream, which again may have contributed to the initiation of the Pleistocene cycles of glaciations by increasing evaporation and precipitation leading to increased snow cover in northern regions (Haug and Tiedemann, 1998; Bartoli et al., 2005) . Even though the estimated divergence time of European and American eels of 3.38 Mya does not match with the assumption of speciation during the Pleistocene (2.6 Mya-12 Kya) suggested by Avise et al. (1986) , a Panamanian speciation scenario, nevertheless, is in accordance with the 'Oceanic' scenario suggested by Avise et al. (1990) . If the ancestor of Atlantic eels dispersed into the Atlantic via the Panama Gateway (Lin et al., 2001; Teng et al., 2009) , then an initial distribution in eastern North America would be expected and American eel should be the ancestral species. Reinforcement of the Gulf Stream after closure of the Panama Gateway would subsequently advect eel larvae from the Sargasso Sea to the European and North African coasts.
Two predictions can be made based on the scenario above: (1) If American eel is the ancestral species, then it would also be expected to be the most variable. (2) If European eel is the derived species, experiencing a novel selection regime, then it would be expected that the majority of nonsynonymous substitutions should represent the derived rather than ancestral state in this species. Unless rate differences exist between the two species, they should, however, be equally related to the ancestor at the neutrally evolving synonymous sites leading to a higher dN/dS in European eel. This first prediction is not supported by this study as American eel showed lower nucleotide diversity than European eel (Table 2 ). In addition, coalescence time was in fact deeper within European than American eel. However, given a divergence time of 3.38 Myr (95% HPD 2.55-4.30) between the two species, it is likely that the lower nucleotide diversity and more shallow coalescence in American eel may be explained by the subsequent demographic history, as opposed to it being the derived species. This possibility finds support in the EBSP analyses, where American eels consistently showed lower female effective population size (N ef ) as opposed to European eel (Figure 3) . According to the second prediction, European eel showed more fixed nonsynonymous changes compared with American eel (Figure 2) . However, dN/dS estimates were quite similar (0.0338 vs 0.0313) and the findings of more nonsynonymous changes in European eel may indicate an overall slightly faster substitution rate. Thus, to finally evaluate whether American eel is in fact the ancestral species, additional analyses at the nuclear level are required, preferably at a population genomics scale, for example, using RAD (RestrictionAssociated DNA) sequencing (Baird et al., 2008; Hohenlohe et al., 2010) as has been previously applied to European eel (Pujolar et al., 2013) .
The TMRCA of all freshwater eels was estimated to be around 14 Myr (11.14-16.50) ago (Table 3) . This period coincides with the mid-Miocene, a period of particularly drastic global climate change causing major changes in sea level and deep ocean circulation patterns (Flower and Kennett, 1994) . This is likely to have affected ancestral freshwater eels, possibly leading to reproductive isolation and speciation, thereby explaining the rapid radiation observed around the TMRCA of the freshwater eels (Minegishe et al., 2005; Teng et al., 2009) .
Genetic variation and demographic history
The divergence time estimates provided limited support for speciation in the Pleistocene (2.6 Mya-12 Kya), although given the confidence intervals of the estimates, it cannot be fully refuted. However, the EBSP plots (Figure 3 ) support that declines occurred during glacial cycles. Hence, range contractions in the Sargasso Sea spawning region are likely to have occurred, as suggested in the 'Vicariance' scenario, and could certainly have played a role in the later speciation process. This scenario moreover finds support in (1) subfossil data indicating the absence of European eel from Northern Europe during the last glacial maximum ca. 21-11 Kya (Kettle et al., 2008) , thus suggesting drastic population decline; (2) microsatellite data suggesting historical declines in both species (Wirth and Bernatchez, 2003) and contemporary population size fluctuations in American eel coinciding with climatic cycles (Côté et al., 2013) .
It is curious, although, that the declines in both species predate the Last Glacial Maximum 21-11 Kya where it would have been expected to be most severe (Kettle et al., 2008) . Time dependency, where, for example, purifying selection causes substitution rates to decrease over long time spans (Ho et al., 2005) could potentially explain these results. Such an effect is supported by the observation of a high number of nonsynonymous changes in the terminal nodes (Figure 2 ). In fishes, intraspecific compared with interspecific rates have been estimated to be in the order of 3 to 410 times higher (Genner et al., 2007; Burridge et al., 2008; Jacobsen et al., 2012) . Taking such differences in rates into account, it is possible that the decline and subsequent expansion correspond to the Last Glacial Maximum. N ef may have been overestimated for the same reason, although on the other side estimates in the hundreds of thousands or even millions seem possible given very high N e estimates estimated from RAD sequencing data in European eel (132 000-1 320 000; Pujolar et al., 2013) . Thus, the considerably lower estimates derived from microsatellite-based studies of 5-10 000 (Wirth and Bernatchez, 2003; Pujolar et al., 2011) may be a result of homoplasy in the fast evolving microsatellites causing an underestimate of historical N e (Estoup et al., 2002) , although it does not explain lower estimates of contemporary N e obtained using linkage disequilibrium methods (Côté et al., 2013) .
The recent decline suggested by EBSP in American eel is puzzling. Contrary to European eel where all haplotypes were unique, three haplotypes were represented by two or more individuals, amounting to a total of 11 individuals. This is likely to underlie the signal of recent decline, but the question is if the inferred decline is real. Nine of the eleven individuals were found in a single lineage characterized by a nonsynonymous substitution in the ND5 gene (position 540; Figure 2 ). This position is situated close to two fixed changes between American and European eels (positions 544 and 548; Figure 2 ) and is situated in a region of the ND5 gene, a 'piston' arm, which previously has been suggested to be under positive selection in pacific salmon (Oncorhynchus sp.) (Supplementary Figure S2) ; (Garvin et al., 2011) . However, similar mutations were observed in two individuals of independent ancestry (Figure 2 ) and the derived valine amino acid has almost identical physiochemical properties to the ancestral isoleucine. This does not support positive selection, although it cannot be disproved either. Knowledge on the exact function of the 'piston' arm, the conformational changes inferred by the mutation and further analysis of American eel demography using nuclear markers are thus needed to support either scenario.
Selection on mitogenomes Our study shows strong evidence for positive selection at ATP6 between the Atlantic eels as evidenced by both (1) McDonaldKreitman tests conducted for the Atlantic eel samples (Supplementary  Table S10 ) and (2) the codon-based selection test FUBAR searching for selection across the phylogeny of freshwater eels (Figure 4) . The results are in agreement with Gagnaire et al. (2012) , who also reported positive selection between American and European eels acting at ATP6. In our study, the single strongest candidate for selection was codon 52 that showed significantly elevated dN/dS in the FUBAR test and furthermore was fixed between European and American eels ( Figure 4 ). As part of Complex V of the oxidative phosphorylation pathway, ATP6 is important for energy (ATP) production and replacement mutations have been shown to affect metabolic rate in humans (Jonckheere et al., 2012) and thermogenesis in white-toothed shrew (Fontanillas et al., 2005) . However, also shortening in developmental time has been shown in Drosophila ATP6 mutants (Celotto et al., 2011) and the exact effect of mutations in ATP6 might be quite diverse. Both migratory distances and larval developmental time are highly variable between species of freshwater eels (Tesch, 2003) . This is especially evident between Atlantic eels where European eel migrates 5000-6000 km to reach the Sargasso Sea compared with 2000-3000 km for American eel. Accordingly, results indicate a longer larval stage of ca. 2 years as opposed to ca. 7-9 months in American eels (Tesch, 2003) , although this is still debated (Tesch, 2003; Zenimoto et al., 2011) .
In total, selection may operate at ATP6 across freshwater eels in general and Atlantic eels in particular, rendering it possible that the evolution of ATP6, and thereby the entire mitogenome, is tightly linked to speciation. This is supported by the finding by Gagnaire et al. (2012) of potential cytonuclear incompatibility between the two Atlantic eel species. In the present study, we found evidence of nonsynonymous changes in ATP6 in both European and American direction. Similar results were achieved by Gagnaire et al. (2012) , who furthermore found evidence for bi-directional change of the nuclear interactor atp5c1. As a consequence, we hypothesize that the reinforcement of the Gulf Stream following the closure of the Panama Gateway has led to strong differential selection at genes related to ATP synthase function. This would reflect strong selection at the phenotypic level on traits related to migratory endurance and optimal timing of larval development, caused by the different migration distances encountered by the two species.
CONCLUSIONS
Using an extensive set of mitogenome data from the two Atlantic freshwater eel species, our study revealed a divergence time of 3.38 Mya (95% HPD 2.54-4.29), which coincides with the closure of the Panama Gateway. Given the tight linkage between the life history of Atlantic eels, the frontal systems in the southern Sargasso Sea and major currents such as the Gulf Stream (McCleave et al., 1987a; Tesch, 2003; van Ginneken and Maes, 2005; Munk et al., 2010) , this major geological event and its associated changes of oceanographic patterns provide a strong candidate for mechanisms initiating speciation. Under this scenario, European eel would be expected to be the derived species. However, this could not be conclusively validated in this study and resolving this issue must await further analysis at the nuclear genomic scale. The data also suggested that population declines have occurred during the past glaciations. Thus, vicariance associated with reduced overlap of spawning regions during periods of low population size could have further accelerated the speciation process. Finally, we identified regions in the mitochondrial genome under direct positive selection, which may have been part of the speciation process.
European and Atlantic eels exhibit some of the most peculiar life histories in the Animal Kingdom, with thousands of kilometres separating spawning and foraging regions. Yet, the mechanisms underlying their speciation could be representative also for other marine species. It is well established that pelagic marine fishes often spawn in frontal zones (Sabates et al., 2007; Munk et al., 2009) , and ocean currents can have a strong influence on their population genetic structure (White et al., 2010) . Major changes of ocean currents could therefore be an important factor to consider when testing hypotheses about speciation in marine organisms.
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